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The docking protein FRS2α is an important mediator of fibroblast growth factor (FGF)-induced signal transduction, and functions by linking
FGF receptors (FGFRs) to a variety of intracellular signaling pathways. We show that the carotid body is absent in FRS2α2F/2F mice, in which the
Shp2-binding sites of FRS2α are disrupted. We also show that the carotid body rudiment is not formed in the wall of the third arch artery in mutant
embryos. In wild-type mice, the superior cervical ganglion of the sympathetic trunk connects to the carotid body in the carotid bifurcation region,
and extends thick nerve bundles into the carotid body. In FRS2α2F/2F mice, the superior cervical ganglion was present in the lower cervical region
as an elongated feature, but failed to undergo cranio-ventral migration. In addition, few neuronal processes extended from the ganglion into the
carotid bifurcation region. The number of carotid sinus nerve fibers that reached the carotid bifurcation region was markedly decreased, and
baroreceptor fibers belonging to the glossopharyngeal nerve were absent from the basal part of the internal carotid artery in FRS2α2F/2F mutant
mice. In some of the mutant mice (5 out of 14), baroreceptors and some glomus cells were distributed in the wall of the common carotid artery,
onto which the sympathetic ganglion abutted. We propose that the sympathetic ganglion provides glomus cell precursors into the third arch artery
derivative in the presence of sensory fibers of the glossopharyngeal nerve.
© 2007 Elsevier Inc. All rights reserved.Keywords: FRS2α2F/2F knockout mice; Carotid body; Glomus cells; Superior cervical sympathetic ganglion; Carotid sinus nerve; Baroreceptors; Glossopharyngeal
nerve; ThymusIntroduction
The docking protein FRS2α has been implicated as an
important mediator of FGF-induced signal transduction, and
functions by providing a link between FGFRs and a variety of
intracellular signaling pathways (Hadari et al., 2001). FRS2α
plays a key role in FGFR-dependent signaling pathways that
are crucial for cell proliferation, migration, survival and early
embryonic development (see Eswarakumar et al., 2005 for
reviews). FRS2α contains four binding sites for the adaptor
protein Grb2, and two binding sites for the protein tyrosine⁎ Corresponding author. Fax: +81 42 778 8441.
E-mail address: kameda@med.kitasato-u.ac.jp (Y. Kameda).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.12.002phosphatase Shp2. Disruption of the FRS2α results in
embryonic lethality at embryonic day (E)7.0–7.5 due to
multiple defects in FGF-mediated signaling (Hadari et al.,
2001). Mice carrying a targeted disruption of the Shp2-
binding sites of FRS2α (FRS2α2F/2F) are viable until E18.5.
FRS2α2F/2F mice exhibit severely impaired cerebral cortex
development (Yamamoto et al., 2005). Thus, the Shp2-binding
sites of FRS2α appear to be required for the maintenance of
neuronal progenitor cells and neurogenesis in the cerebral
cortex. FRS2α2F/2F embryos are also defective in eye develop-
ment (Gotoh et al., 2004a). FGF is a key regulator of eye
formation, and appear to cooperate with bone-morphogenetic
proteins (BMPs) in the regulation of early eye development
(Lovicu and McAvoy, 2005).
The carotid body is a chemosensory organ that is sensitive to
arterial hypoxia, hypercapnia, and acidity. It plays a role in the
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innervated by the carotid sinus nerve, a sensory branch of the
glossopharyngeal nerve, and also by sympathetic fibers (the
ganglioglomerular nerve) from the superior cervical ganglion of
the sympathetic trunk (Verna, 1979). The typical murine carotid
body makes connections with the superior cervical ganglion.
There are two types of cells in the carotid body, glomus cells
(also called chief cells or type I cells) and sustentacular cells
(also called type II cells). Glomus cells have a neuroendocrine
phenotype, and express the neuronal markers, TuJ1, PGP 9.5,
neuropeptide Y and enkephalins (Kobayashi et al., 1983;
Kameda et al., 2002). These cells also contain biogenic amines,
such as serotonin and noradrenaline, and exhibit intense,
positive immunoreactivity for tyrosine hydroxylase, rate-limit-
ing enzyme involved in catecholamine synthesis. Sustentacular
cells are of the glial lineage and contain aggregates of
intermediate filaments. They express the glial markers, glial
fibrillay acidic protein (GFAP), S100 protein, and vimentin
(Kameda, 1996, 2005). Sustentacular cells extend long
processes that surround individual glomus cells or groups of
glomus cells.
The carotid body rudiment forms in the wall of the third arch
artery as a condensation of mesenchymal cells (Kondo, 1975;
Kameda, 1994). In mouse embryos, the neuronal process of the
superior cervical ganglion of the sympathetic trunk envelops the
carotid body rudiment at E13.0. Starting at E13.5, neuronal
progenitor cells derived from the superior cervical ganglion
enter the rudiment and differentiate into glomus cells (Kameda
et al., 2002; Kameda, 2005). It has been proposed that early
development of the carotid body depends on reciprocal
inductive interactions between the carotid body rudiment and
the surrounding superior cervical ganglion.
Hoxa3 belongs to the Hox gene family, which regulates the
formation of the mammalian body plan along the antero-
posterior axis (Trainor and Krumlauf, 2000). In Hoxa3-null
mice, the thymus and parathyroid glands, which are derived
from the third pharyngeal pouch, are absent and the common
carotid artery, which is derived from the third arch artery, is
bilaterally missing or very short (Kameda et al., 2003). Since
the third arch artery degenerates at E11.5, the carotid body
primordium is never formed in the Hoxa3-null mutants
(Kameda et al., 2002). The superior cervical ganglion, however,
shows hyperplastic features in these mutant mice.
The basic helix–loop–helix (bHLH) transcription factor
Mash1 is a mammalian homologue of the achaete–scute
complex (asc) gene in Drosophila, which controls the
generation of neural precursors for the central and peripheral
nervous systems. Mash1 plays a key role in the differentiation
of autonomic neurons from neural crest cells (Johnson et al.,
1990; Guillemot et al., 1993). In Mash1-deficient mice, the
neural crest cells are able to migrate to the dorsal aorta, and give
rise to the sympathetic progenitors (Hirsch et al., 1998). The
progenitors, however, fail to undergo their complete differentia-
tion program, resulting in the absence of the sympathetic
ganglia. In the Mash1-null mice, the carotid body rudiment
forms normally in the wall of the third arch artery, but it consists
of sustentacular cells only (Kameda, 2005). Thus, glomus cellformation is arrested in theMash1-null mice, most likely due to
the absence of the superior cervical ganglion that supplies
progenitors to the carotid body rudiment.
In the present study, we examined carotid body formation in
the FRS2α2F/2F mice, in which the location of the superior
cervical ganglion of the sympathetic trunk and the distribution
of the carotid sinus nerve deviate from wild-type embryos.Materials and methods
Animals
Wild-type, heterozygous, and homozygous FRS2α2F/2F mice were obtained
from intercrosses of FRS2α2F/+ mice, which were maintained on a Swiss-
Webster background (Gotoh et al., 2004a). E0.5 was designated as of noon on
the day a copulation plug was identified. The genotype of the mice was obtained
by PCR analysis using the previously described primers (Gotoh et al., 2004a).
For histological analysis, specimens were incubated in Bouin's solution or
8% paraformaldehyde (PFA) in phosphate buffer (PB) for 24 h, embedded in
paraffin and then serially sectioned along the cross, frontal, or sagittal planes at a
thickness of 5 μm. Selected sections were stained with hematoxylin–eosin to
determine morphological orientation.
Immunohistochemistry
Immunohistochemical staining was carried out using the streptavidin–
biotin–peroxidase method, as previously described (Kameda, 1996). The
following antibodies were used, as indicated: monoclonal anti-TuJ1 (1:500
dilution) (Berkeley Antibody Company, Richmond, CA), which recognizes the
neuron-specific class III β-tubulin isotype; monoclonal anti-neurofilament (NF)
160 (1:200 dilution)(clone NN18; Sigma, Saint Louis, Missouri), polyclonal
anti-human protein gene product (PGP) 9.5 (1:200 dilution) (Dako, Carpinteria,
CA); polyclonal anti-serotonin (5-HT) and polyclonal anti-bovine adrenal
tyrosine hydroxylase (TH) (Chemicon, El Segundo, CA); polyclonal anti-
neuropeptide Y (UCB Bioproducts, Brussels, Belgium); polyclonal anti-
chromogranin A (Yanaihara Inst., Shizuoka, Japan); polyclonal anti-FGFR-2
antibody, which was directed against the cytoplasmic domain of the receptor;
and polyclonal anti-FRS2. Anti-5-HT, anti-TH, anti-neuropeptide Y, and anti-
chromogranin A antisera were used at dilutions of 1:500–1:1000. Anti-FGFR-2
and anti-FRS2 antisera (Sigma) were used at dilutions of 1:500 and 1:200,
respectively.
The number of proliferating cells in the superior cervical ganglion was
quantified using a monoclonal antibody for proliferating cell nuclear antigen
(PCNA), which reacts with proliferating cells in a wide range of normal tissues.
The-PCNA antibody was purchased in pre-diluted form from Dako.
TUNEL assay for apoptosis
To visualize apoptotic nuclei, tissue sections were subjected to staining using
a terminal transferase dUTP-biotin nick-end labeling (TUNEL) kit (ApopDE-
TEK in situ Cell Death Assay kit; Dako), according to the manufacturer's
instructions.
Quantitative analysis
To compare the size and number of proliferating cells in the superior cervical
ganglion, digital images of ganglia from E13.5, E16.5 and E18.5 embryos were
obtained using an Olympus AX80 microscope (Olympus, Tokyo, Japan) and a
digital camera system (Olympus, DP70). Morphometric analysis was performed
using Image Analysis software (WinROOF, version 5.5, Mitani Corp., Fukui,
Japan). To measure ganglion size, the outline of the superior cervical ganglion
was traced by hand and an automated system was used to assess the profile area.
The ganglion area was measured in every fifth section of consecutive sections,
and the volume was estimated by adding the profile areas of each section and
multiplying the sum by five. To determine the number of proliferating cells, the
238 Y. Kameda et al. / Developmental Biology 314 (2008) 236–247number of PNCA-positive nuclei in the superior cervical ganglion was estimated
by color binarization, as described previously (Chisaka and Kameda, 2005). The
number of apoptotic cells in the superior cervical ganglion was counted by the
TUNEL assay for each genotype (n=4). These numbers are expressed as cells
per area (mm2).Results
Lack of carotid body in FRS2α2F/2F mutant mice
FRS2α2F/2F mutant mice died at birth, whereas in utero, they
were viable until just before birth, at E18.5. In wild-type mice at
E18.5, the superior cervical ganglion of the sympathetic trunk is
located along the carotid artery in the upper cervical region. It is
a large fusiform ganglion, in which the rostral pole abuts theFig. 1. (A) Frontal section of the carotid body (CB) in an E18.5 wild-type embryo (+/+
end of the common carotid artery (CCA) and connected to the superior cervical gangl
E16.5 wild-type embryo (+/+) was subjected to immunostaining with the TuJ1 antibo
artery (ICA). (C–E) Consecutive frontal sections of the carotid body in an E18.5 wi
hydroxylase (TH) (D) or anti-5-HT (E) antisera. Glomus cells are recognized by these
A, and 70 μm in panels B–E.cochelea and the caudal pole is in register with the 3rd cervical
vertebra. The murine superior cervical ganglion connects with
and extends thick nerve bundles into the carotid body, which is
located at the carotid bifurcation (Fig. 1A). In addition to
sympathetic fibers, the carotid body receives input from the
carotid sinus nerve, which arises from the glossopharyngeal
nerve. The carotid sinus nerve provides sensory innervation to
the carotid body and the carotid sinus. Baroreceptors that belong
to the glossopharyngeal nerve are distributed in the carotid sinus
at the root of the internal carotid artery (Fig. 1B). In wild-type
mice, TuJ1- (see Fig. 3D in Kameda et al., 2002), PGP 9.5- (see
Fig. 3A in Kameda et al., 2003), and NF-160-positive (not
shown) nerve fibers were densely distributed in and around the
carotid body. At E18.5, TuJ1-, PGP9.5-, TH-, neuropeptide Y-
(see Fig. 2D in Kameda et al., 2002) and chromogranin A-) was stained with hematoxylin–eosin. The carotid body is apposed to the upper
ion (SCG) of the sympathetic trunk. (B) Sagittal section of the carotid body in an
dy. Baroreceptor fibers (arrows) are distributed in the root of the internal carotid
ld-type embryo (+/+) were immunostained with anti-PGP 9.5 (C), anti-tyrosine
antibodies. C, cochlea; ECA, external carotid artery. Scale bars, 100 μm in panel
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cervical ganglion were detectable (Figs. 1B–D). Glomus cells
also exhibited immunoreactive 5-HT, although 5-HT-positive
neurons did not localize to the superior cervical ganglion (Fig.
1E). The glomus cells of the carotid body were also
immunoreactive to for FGFR-2 and FRS2 (Figs. 2A, B).
In the FRS2α2F/2F mutant mice at E18.5, the carotid body
was absent, but there were no apparent malformations of the
carotid bifurcation (Figs. 3A, B). The phenotype of the superior
cervical ganglion of the sympathetic trunk varied, and its
location deviated from that of wild-type mice. In many of the
embryos, the ganglion was slender, very long, and positioned
along the common carotid artery in the lower cervical region
(Fig. 3A; Table 1). This phenotype was consistent with a failure
of the superior cervical ganglion to undergo cranio-ventral
migration. In addition, the size of the superior cervical ganglion
in E18.5 mutant embryos was smaller than that of wild-type
embryos (53% of wild-type) (Table 2).
Extensive abnormalities were also observed in the organs
that arise from the endodermal epithelium of the pharyngeal
region, such as the thyroid, parathyroid and thymus glands. In
wild-type embryos, the thymus consists of two lobes that are
located in the superior mediastinum on either side of the median
plane (Fig. 3D). In contrast, in several FRS2α2F/2F embryos, the
asymmetric thymic lobes were located in the upper portion of
the neck, frequently in a continuum with the endodermal
epithelium of the pharynx, and in the pharyngeal cavity (Fig.
3C). These results indicated that in FRS2α2F/2F mutants, the
thymus fails to undergo the normal caudo-ventral movement to
the superior mediastinum and separate from the pharyngeal
epithelium. In mutant embryos in which the thymus was located
in the superior mediastinum, the ectopic cervical thymic tissues
were present, frequently fused to the thymic tissue, resulting in a
significantly larger and longer thymus. It is possible that the
presence of ectopic cervical thymic tissue prevents the rostral
migration of the superior cervical ganglion and proper
connection of the carotid artery system and the ganglion. In
one mutant embryo in which the thymus was located in theFig. 2. (A, B) Consecutive sections of the carotid body (CB) in an E18.5 wild-type em
Glomus cells are immunoreactive for both FGFR-2 and FRS2. Neuronal and non-neu
CCA, common carotid artery. Scale bar, 60 μm.upper mediastinum, the position of the superior cervical
ganglion was normal. However, in FRS2α2F/2F embryos,
ganglia located at the lower levels as well as at the normal
position extended few neuronal processes around the carotid
bifurcation.
In wild-type mice, baroreceptors of the glossopharyngeal
nerve are distributed in the proximal portion of the internal
carotid artery (Fig. 1B). Baroreceptor afferents form a dense
circumferential fiber plexus in the vascular adventitia, with
terminals that extend into the tunica media. In FRS2α2F/2F
embryos, innervation of the baroreceptor was not localized to
the root of the internal carotid artery (Fig. 3B), but was
occasionally detected in the upper part of the common carotid
artery (Figs. 4A, B; Table 1). TuJ1- (not shown), PGP 9.50-,
TH-, neuropeptide Y- (not shown), chromogranin A- and 5-HT-
positive glomus cells were dispersed in the wall of the common
carotid artery where the baroreceptors were distributed and the
sympathetic ganglion abutted (Figs. 4C–E). A summary of the
morphological and immunohistochemical phenotype of E18.5
and E17.5 FRS2α2F/2F mice is presented in Table 1.
Development
We next examined the effect of the FRS2α2F/2F mutation on
the differentiations of the carotid body rudiment and cervical
sympathetic ganglion. In E12.5 wild-type embryos, the column-
like structure of the immature sympathetic ganglia was apparent
along the dorsal aorta (Fig. 5A). The carotid sinus nerve derived
from the glossopharyngeal nerve was already distributed around
the third arch artery at E12.5 (Fig. 6A). In mutant mice, there
were few carotid sinus nerve fibers near the third arch artery at
this stage (Fig. 6B).
In wild-type embryos, the carotid body rudiment is first
evident in the wall of the third arch artery at E13.0 (Kameda
et al., 2002; Kameda, 2005). At this stage, the rudiment was
surrounded by PGP9.5- (see Fig. 5A in Kameda et al., 2002),
TuJ1- (see Fig. 5B in Kameda et al., 2002), and TH-positive
(not shown) neuronal progenitors and nerve fibers that werebryo (+/+) were immunostained with anti-FGFR-2 (A) or anti-FRS2 (B) antisera.
ronal nuclei of the superior cervical ganglion (SCG) are also positive for FRS2.
Fig. 3. (A) Frontal section of the pharyngeal region in an E18.5 FRS2α2F/2Fmutant embryo (−/−) was stained with hematoxylin–eosin. The carotid body is absent at the
carotid bifurcation, and the superior cervical ganglion (SCG) is localized at lower cervical level. (B) Sagittal section of the carotid bifurcation in an E18.5 FRS2α2F/2F
mutant (−/−) was immunostained with the TuJ1 antibody. Neither the carotid body nor the baroreceptor fibers are detected. (C, D) Frontal sections of E18.5 FRS2α2F/2F
mutant (C, −/−) or wild-type embryo (D, +/+) were stained with hematoxylin–eosin. In the wild-type embryo, the thymus (T) is located in the thoracic cavity. In the
mutant, the thymus remains in the pharyngeal region. C, cochlea; CCA, common carotid artery; CL, clavicle; ECA, external carotid artery; ICA, internal carotid artery;
L, lung; P, pharynx; R, rib; SB, skull base; TG, thyroid gland. Scale bars, 200 μm in panels A, C, 90 μm in panel B, and 550 μm in panel D.
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received branches from the glossopharyngeal nerve (see Figs.
5A, B in Kameda et al., 2002). At E13.5, TuJ1-, PGP 9.5-, and
TH-positive (see Fig. 5A in Kameda, 2005) neuronal cells
began to enter the carotid body rudiment, in which the nerve
fibers were densely distributed (Figs. 6C and 7B). At this stage,
the carotid sinus nerve and sympathetic nerve fibers were
intermingled within the carotid body rudiment (Figs. 6C and
7A, B).In the FRS2α2F/2F embryos, the formation of the cervical
sympathetic trunk initiated normally. At E13.5, the location of
the immature superior cervical ganglion was similar to wild-
type embryos, and it was clearly separated from the stellate
(inferior cervical) ganglion (Figs. 5B, C). The stellate, thoratic,
and lumbar sympathetic chain ganglia were also positioned
normally, and the preganglionic axons of the stellate ganglion
were well-developed. The adrenal gland and paraaortic bodies
were also normal (not shown). However, at E13.5, the superior
Table 1
Abnormalities in the carotid body, superior cervical sympathetic ganglion (SCG), baroreceptors and thymus in E18.5 and E17.5 FRS2α2F/2F mutants
Embryonic days Sample number Carotid body SCG phenotype Baroreceptors in CCA wall Glomus cells in CCA wall Thymus phenotype
E18.5 Right (n=5) Absent 4/5 elongated 3/5 3/5 4/5 ectopic
Left (n=5) Absent 3/5 elongated 2/5 2/5 2/5 ectopic
E17.5 Right (n=2) Absent 1/2 elongated 0/2 0/2 2/2 ectopic
Left (n=2) Absent 2/2 elongated 0/2 0/2 2/2 ectopic
CCA, common carotid artery.
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processes around the third arch artery (Figs. 6D and 7C, D). In
addition, branches from the glossopharyngeal nerve were not
distributed around the third arch artery. Thus, there were few
TuJ1- and PGP9.5-positive nerve fibers in the vicinity of the
third arch artery at E13.5. The carotid body rudiment was not
formed in the wall of the third arch artery of FRS2α2F/2F
mutants (Figs. 5C, 6D, and 7D).
At E14.5, the superior cervical ganglion of wild-type
embryos occupies a position between C1 and C3, relative to
the adult, and undergoes cranio-ventral migration from the
lower cervical levels. At E15.5, baroreceptors were densely
distributed in the root of the internal carotid artery (Fig. 8A).
Coincident with the development of the carotid sinus nerve, the
carotid body also increased in size. In contrast, neither the
carotid body nor baroreceptor fibers were detected in the carotid
bifurcation of E14.5 and E15.5 FRS2α2F/2F embryos (Fig. 8B).
Furthermore, the mutant superior cervical ganglion remained at
a lower cervical level and had an elongated appearance.
Quantitative analysis of the superior cervical ganglion
In wild-type embryos, the size of the superior cervical
ganglion gradually increased with time of gestation (Table 2). In
FRS2α2F/2F mutants, however, this increase in ganglion size
was impaired in later fetal stages. In mutant mice at E13.5, the
size of the ganglion was similar to wild-types. At E16.5, it was
78% of the size of the wild-type ganglion, and there was a
dramatic reduction at E18.5. The size of the ganglion of E18.5
mutant embryos was smaller than that of E16.5 mutants,
reaching approximately 53% of the size of wild-type embryos.
The number of proliferating cells in the superior cervical
ganglion of FRS2α2F/2F embryos was similar to wild-type
(Table 2). In wild-type embryos, the number of proliferatingTable 2
The size and proliferating cell number of the SCG in wild-type and FRS2α2F/2F
mutant mice at several stages of development
Age Ganglion volume (mm3) Number of proliferating
cells (per mm2)
+/+ −/− +/+ −/−
E13.5 0.016±0.0013 0.015±0.0009 6382±607 6831±772
E16.5 0.059±0.0065 0.046±0.0058 3940±682 4001±687
E18.5 0.083±0.0052 0.044±0.0067*** 1596±150 1505±198
SCG, superior cervical ganglion of sympathetic trunk; +/+ and −/− are wild-type
and FRS2α2F/2F homozygous mutant, respectively. Six samples per each
genotype were analyzed at each stage. Values are means±S.E. ***, Pb0.001 vs.
wild types assessed by Student's t test.cells progressively declined with developmental stage, and at
all stages examined (E13.5, E16.5 and E18.5), the number
of proliferating cells in the superior cervical ganglion of
FRS2α2F/2F embryos was similar to wild-type.
Neuronal cell death in the mouse superior cervical ganglion
increases during E16.5–P0 (Enomoto et al., 2001). In E18.5
wild-type embryos, the number of apoptotic cells in the superior
cervical ganglion was 154±21 per mm2. In FRS2α2F/2F
embryos, the number of apoptotic cells was significantly higher
(424±34 per mm2; Pb0.001) (Figs. 9A, B). These results
suggested that the reduced size of the superior cervical ganglion
in mutant mice at E18.5 is due to an increase in apoptosis.
Pharyngeal mesenchyme
Overall, in FRS2α2F/2F embryos, there was a failure of
migration of developing organs and nerve fibers located in the
pharyngeal region. The pharyngeal mesenchyme of the
homozygous mutants also appeared to be defective. To
determine whether the abnormalities of the pharyngeal
mesenchyme were due to increased cell death, we performed
a TUNEL assay to compare mutant and wild-type embryos. We
found no difference in apoptotic cell number at all stages
examined (E11.5 and E12.5) (Figs. 10A, B).
Discussion
We have demonstrated that FRS2α2F/2F mutation results in
the absence of the carotid body. The carotid body rudiment was
not formed in the wall of the third arch artery in the mutant
embryos. In Hoxa3- and Mash1-null mice, the development of
the carotid body is also affected (Kameda et al., 2002; Kameda,
2005). However, the etiology of FRS2α2F/2F deficiency
appeared to differ from that of Hoxa3 and Mash1 deficiency.
In Hoxa3-null mice, the third arch artery degenerates at E11.5,
resulting in the anomalies of the carotid artery system (Kameda
et al., 2003). Both the nerve process of the superior cervical
ganglion of the sympathetic trunk and the carotid sinus nerve
are present around the internal carotid artery, but the carotid
body rudiment does not form in Hoxa3-null mutants. It has
been proposed that the carotid body rudiment develops
specifically in the wall of the third arch artery but not in
other arteries. In Mash1-null mutant embryos, the superior
cervical ganglion is absent. The carotid body is small in size and
consists of sustentacular cells alone, and lacks glomus cells.
The carotid sinus nerves, however, are densely distributed in the
carotid body of Mash1 mutants (Kameda, 2005). These data
indicate that proper development of the carotid body requires
Fig. 4. (A–E) Consecutive frontal sections of the carotid bifurcation region in an E18.5 FRS2α2F/2F null mutant (−/−) were stained with hematoxylin–eosin (A) or with
anti-PGP 9.5 (B), anti-5-HT (C), anti-chromogranin A (ChrA) (D), or anti-tyrosine hydroxylase (TH) (E) antisera. Both glomus cells (arrowhead) and baroreceptor
fibers (arrows) are distributed in the wall of the common carotid artery (CCA) on which the superior cervical ganglion (SCG) is apposed. ECA, external carotid artery;
T, thymus. Scale bar, 90 μm.
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ganglion.
In FRS2α2F/2F embryos, the formations of the third arch
artery and cervical sympathetic ganglion initiated properly.
However, there were few branches of the glossopharyneal nerve
surrounding the third arch artery at E12.5–E13.5, which is a
critical stage for the carotid body formation, and the rudiment
failed to form. In wild-type embryos, nerve branches of the
glossopharyngeal nerve were distributed around the third arch
artery at E12.5, before the rudiment formed. These results
suggest that the carotid sinus nerve exerts trophic control of the
initial formation of the carotid body in the wall of the third archartery. It has previously been shown in rats that the fibers that
innervate the carotid sinus first branch from the main
glossopharyngeal nerve trunk between E12.5 and E13.5, prior
to the differentiation of the carotid body, and ramify in the
vicinity of the third aortic arch artery (Hertzberg et al., 1994).
Thus, it has been suggested that there is a close correlation
between outgrowth of the carotid sinus nerve and rudiment
formation of the carotid body in the rat as well.
The formation of the common carotid artery and the first part
of the internal carotid artery from the third arch artery
progressed normally in FRS2α2F/2F and wild-type embryos.
Few carotid sinus nerve fibers, however, were distributed
Fig. 5. Sagittal sections of a wild-type embryo (+/+) at E12.5 (A), or wild-type (+/+, B) and FRS2α2F/2F null mutant (−/−, C) embryos at E 13.5 were immunostained
with the PGP 9.5 (A, C) or the TuJ1 (B) antibodies. (A) At E12.5, an elongated immature sympathetic ganglion (SG) is located along the dorsal aorta (DA). (B, C) At
E13.5, the superior cervical ganglion (SCG) is separated from the stellate ganglion (ICG) in both genotypes. In the mutant, the pattern of axonal projection (arrow) of
the stellate ganglion is normal, but the distribution of nerve fibers around the third arch artery (A3) is impaired. A6, sixth arch artery; CB, carotid body rudiment;
H, heart; X, vagus nerve. Scale bar, 200 μm in panel A, and 300 μm in panels B, C.
Fig. 6. Transverse sections of wild-type (+/+, A, C) and FRS2α2F/2F mutant (−/−, B, D) embryos at E12.5 (A, B) and E13.5 (C, D), respectively, were immunostained
with the TuJ1 antibody. (A, B) At E12.5, the nerve fibers (two arrows) issuing from the glossopharyngeal nerve (IX) are distributed around the third arch artery (A3) in
the wild-type embryo. In the mutant embryo, few fibers are detected around the artery. (C, D) In the wild-type embryo at E13.5, the carotid body rudiment (CB)
attached to the third arch artery is surrounded by neuronal processes (arrows) of the superior cervical ganglion (SCG), and also receives nerve fibers (two arrows) from
the glossopharyngeal nerve. The mutant embryo lacks the carotid body rudiment in the wall of the third arch artery. The neural process of the superior cervical ganglion
and the branch of the glossopharyngeal nerve fail to extend to the wall of the third arch artery. IJV, internal jugular vein; P, pharynx; SG, sympathetic ganglion;
X, vagus nerve. Scale bar, 60 μm.
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Fig. 7. Consecutive sagittal sections showing the relative positions of the carotid body rudiment (CB), superior cervical ganglion (SCG) and glossopharyngeal nerve
(IX) in littermate E13.5 wild type (A, B; +/+) or FRS2α2F/2F mutant (C, D; −/−), respectively, were stained with hematoxylin–eosin (A, C) or with the TuJ1 antibody
(B, D). In the wild-type embryo, the sympathetic nerve (arrow) and the carotid sinus nerve (two arrows) intermingle within the carotid body rudiment. In the mutant,
the carotid body rudiment is absent and few nerve fibers are distributed around the carotid bifurcation (arrowhead). CCA, common carotid artery; DVG, distal vagal
ganglion; ECA, external carotid artery, ICA, internal carotid artery; P, pharynx, T, thymus; X, vagus nerve. Scale bar, 90 μm.
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Although the carotid body was absent at the carotid bifurcation,
in 5 out of the 14 mutant cases, some glomus cells were
distributed in the wall of the common carotid artery where the
carotid sinus nerve and sympathetic ganglion were localized.
This result suggests that the carotid sinus nerve creates
permissive environment for the migration of glomus cell
precursors from the sympathetic ganglion.
In mouse embryos, FRS2α is expressed ubiquitously,
including in the branchial arches (Gotoh et al., 2004b).
FRS2α-null mutants exhibit impairments in anterior–posterior
axis formation and cell movement through the primitive streak
during gastrulation (Gotoh et al., 2005). During the develop-
ment of the central nervous system, FGF plays an important role
in neurogenesis, axon growth, and differentiation (see Reuss
and von Bohlen-Halbach, 2003 for reviews). In particular,FGF2 has been shown to promote axonal elongation and
branching of sensory neurons (Klimaschewski et al., 2004).
FGFR-mediated signaling pathways participate in a variety of
cellular functions, including process outgrowth in response to
extracellular stimuli. The failure of sensory fibers of the
glossopharyngeal nerve to extend into the carotid bifurcation in
FRS2α2F/2F embryos may be due to defective FGF–FGFR
signaling. In FRS2α2F/2F mutants, the carotid sinus nerve was
able to migrate to the periphery, but failed to correctly arrive at
its target. FGFR-2 and FRS2 immunoreactivity was observed in
the glomus cells of the carotid body in E18.5 wild-type
embryos. Thus, FGF–FGFR signaling pathways may also be
involved in glomus cell development and differentiation.
During early fetal development, the cervical component of
the sympathetic system appears as a uniform column along the
dorsal aorta at all cervical levels (Rubin, 1985). In E12.5 mouse
Fig. 8. Sagittal sections of the carotid bifurcation region in littermate wild-type (A, +/+) and FRS2α2F/2F (B, −/−) embryos at E 15.5 were immunostained with the TuJ1
antibody. In the wild-type embryo, TuJ1-immunoreactive cells are densely packed in the carotid body, and baroreceptor fibers (arrows) are densely distributed in the
root of the internal carotid artery (ICA). In the mutant embryo, the carotid body is absent and the superior cervical ganglion (SCG) is slender. The large ectopic thymus
(T) is located between the internal carotid artery and external carotid artery (ECA). C, cochlea; CSN, carotid sinus nerve; X, vagus nerve. Scale bar, 80 μm.
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ganglia begin to separate into individual ganglia via a regional
enhancement of neuronal proliferation (Nishino et al., 1999).
By E14.5, the superior cervical ganglion is separated from the
stellate ganglion and undergoes cranio-ventral migration from
the lower cervical levels. In the FRS2α2F/2F embryos, the initial
formation of cervical sympathetic system was normal, and at E
13.5, the superior cervical ganglion had separated from the
stellate ganglion. However, as development progressed, theFig. 9. Wild-type (+/+, A) and FRS2α2F/2F (−/−, B) embryos at E18.5 were subjected
cervical ganglion (SCG) of the mutant embryo. T, thymus. Scale bar, 250 μm.superior cervical ganglion remained at the lower cervical level
and failed to undergo cranio-ventral movement, exhibiting
instead an elongated morphology. Furthermore, at E18.5 the
superior cervical ganglion of FRS2α2F/2F mutants was markedly
decreased in size and had an increased number of apoptotic cells
compared to wild-type embryos. The number of proliferation
cells in the superior cervical ganglion was similar in wild-type
and mutant embryos, thus, the loss of the volume of the superior
cervical ganglion is most likely due to excessive apoptosis ofto a TUNEL assay. Note the significant increase in apoptotic cells in the superior
Fig. 10. Frontal sections of E12.5 littermate wild type (+/+, A) and FRS2α2F/2F (−/−, B) embryos were subjected to a TUNEL assay. Extensive apoptosis is seen in the
third pharyngeal pouch epithelium (P3) and the thymus rudiment (T) in both genotypes. The ultimobranchial body (UB) and thyroid rudiment (TR) also exhibit many
apoptotic cells in both embryos. Few apoptotic cells are detected in the pharyngeal mesenchyme of wild-type and mutant embryos. CCA, common carotid artery;
P, pharynx. Scar bar, 120 μm.
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cervical ganglion is dependent on FRS2α function for its
normal development. In contrast, the more posterior sympa-
thetic ganglia and the adrenal medulla appeared normal in the
mutant embryos. The superior cervical ganglion of the mouse is
derived from the vagal neural crest of the hindbrain (corre-
sponding to somites 1–5), whereas the stellate ganglion and the
more caudal sympathetic ganglia are derived from the trunk
neural crest (posterior to somite 6) (Durbec et al., 1996). In
GFRα3-null mutant mice, the superior cervical ganglion is
defective, while the more posterior sympathetic ganglia are
unaffected (Nishino et al., 1999).
The loss of sensory nerve fibers in the wall of the third arch
artery may affect the ability of the cervical sympathetic ganglion
to extend processes towards its target location. In fact, few
nerve fibers protruded from the ganglion around the third arch
artery or the internal carotid artery in the FRS2α2F/2F mutants.
The growth cones of nerve endings sense guidance molecules
that are present in the surrounding environment (for a review,
see Chilton, 2006). It is possible that the expression of growth
cone-guidance molecules is altered by a deficiency in FRS2α
function. In addition, since neural crest cells give rise to the
sympathetic ganglion, defective proliferation and maturation of
these cells may impair the outgrowth of nerve fibers from the
sympathetic ganglion.
The thymus primordium forms within the third pharyngeal
pouch epithelium. Its development is initiated via inductive
interactions between neural crest-derived arch mesenchyme,
pouch endoderm, and possibly surface ectoderm of the third
pharyngeal cleft. Thymic development is controlled by several
genes. Hoxa3 participates in the differentiation of the thirdpharyngeal arch and pouch (Chisaka and Kameda, 2005). In
Hoxa3-null mutant mice, the differentiation of the third
pharyngeal pouch is arrested, and the thymus fails to develop.
The thymus primordium fails to form in Eyes absent (Eya)1-
null mutants, indicating that this gene is also required for the
initiation of thymus formation (Xu et al., 2002). The winged
helix transcription factor (Foxn1) has been shown to be
involved in thymic epithelial cell differentiation, and is a
specific marker of the thymic primordium (Gordon et al., 2001).
Pax9 is expressed throughout the entire pharyngeal endoderm,
and in Pax9-null mutants, all derivatives of the pharyngeal
pouches are defective (Peters et al., 1998). The orthotopic
thymus that is located in the upper mediastinum is also absent in
the Pax9-deficient mice, while ectopic lymphoid tissue is
present in the larynx (Hetzer-Egger et al., 2002). In a majority of
the FRS2α2F/2F mutants, the thymus was present in the upper
portion of the neck. Thus, the organ did not completely descend
into the thoracic cavity. This may be due to the lack of guidance
cues from the environment. For example, the ectomesenchymal
neural crest cells surround the thymus primordium during
migration (Jiang et al., 2000), and it is well known that neural
crest cells play a role in supporting the movement of pharyngeal
arch and pouch derivatives. Thus, the defects in thymic
migration in the FRS2α2F/2F embryos may be due to an
impairment of neural crest cells. The number of apoptotic cells
in the pharyngeal mesenchyme was not increased in FRS2α2F/2F
embryos compared to wild-type. Therefore, the loss of FRS2α
signaling may affect proliferation and differentiation of the
neural crest cells in the pharyngeal arches.
In conclusion, we have shown that in the FRS2α2F/2F
embryos, the carotid sinus nerve does not project properly to the
247Y. Kameda et al. / Developmental Biology 314 (2008) 236–247third arch artery, and the formation of the carotid body rudiment
is arrested. Furthermore, the cervical sympathetic ganglion fails
to extend neuronal process around the third arch artery, resulting
in a failure to provide glomus cell precursors. Taken together, it
is hypothesized that three elements, the third arch artery, the
carotid sinus nerve, and the cervical sympathetic ganglion, are
required for the carotid body development.References
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